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Abstract
We study dark matter that inelastically scatters and de-excites in direct detection experiments,
as an interpretation of the CDMS-Si events in light of the recent LUX data. The constraints from
LUX and XENON10 require the mass-splitting between the DM excited and de-excited states to
be |δ| & 50 keV. At the same time, the CDMS-Si data itself do not allow for a consistent DM
interpretation for mass splittings larger than |δ| ∼200 keV. We find that a low threshold analysis
will be needed to rule out this interpretation of the CDMS-Si events. In a simple model with a
kinetically mixed dark photon, we show that the CDMS-Si rate and the thermal relic abundance
can both be accommodated.
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I. INTRODUCTION
An unambiguous, non-gravitational signal of Dark Matter (DM) has yet to be detected.
However, a number of direct detection experiments have reported low-energy recoil
events in excess of known backgrounds. These observations, and their consistency or
inconsistency with null experiments, have been widely discussed in the literature. Most
recently, the CDMS-II collaboration reported 3 events in Silicon (Si) detectors with an
expected background of 0.62 events [1] from an exposure of 140.2 kg-days. Taken in
isolation, this data prefers a DM plus background hypothesis over a background only
hypothesis with a probability of 99.8% and the highest likelihood for a DM mass of
∼ 8.5 GeV and a cross-section of 2 × 10−41cm2, assuming the standard picture of spin-
independent interactions [1]. 1
It was shown [5] to be possible to accommodate the null results of the XENON10 [6]
and XENON100 [7] experiments with a positive CDMS-Si signal, in particular if either DM
scatters inelastically to a lower mass state, termed variously “Exciting” and“Exothermic”
DM [8–10] in the literature, or if the scattering on protons and neutrons differ, recently
termed “isospin-violating” DM (IVDM) [11–14]. However, after the appearance of the
LUX data [15] it was observed [16–18] that LUX and CDMS-Si are now in strong tension
even in the case of isospin-violating DM (IVDM) where the ratio of the proton-to-neutron
couplings can be maximally “xenophobic.”
Exothermic DM (exoDM) models [9, 10, 19–21] have not been considered in the af-
termath of LUX. This is the topic of the present paper. With a mass-splitting between
the DM state and its excited state of δ = −50 keV, we find that strong tension with the
LUX/XENON10 results remains. This is significantly improved by going to larger mass
splittings, δ ∼ −200 keV. Increasing the mass-splitting yet further degrades the ability
of exoDM to fit the CDMS-Si data. This is because larger mass-splittings are unable to
simultaneously account for the high and low-energy events. With present data LUX does
not exclude the best-fit point with a δ = −200 keV mass splitting.
The DM masses and mass-splittings we find that are needed to accommodate the
1 Although we do not explore non-DM explanations of these signals, it has been observed that most of the
direct detection anomalies can be accommodated with a model of baryonic neutrinos [2, 3] sourced by
ordinary solar neutrinos, even in the aftermath of LUX [4].
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FIG. 1: Comparison of our fit to LUX data [15] (black dashed) against that of the
collaboration (blue solid).
CDMS-Si data have not been explored in prior work. We therefore construct an illustrative
toy model with a kinetically mixed photon that can simultaneously account for the thermal
relic abundance, the requisite CDMS-Si signal, and ensure that the higher mass state is
well-populated at the present epoch.
II. LUX EXPERIMENTAL DETAILS
The LUX experimental design is quite similar to XENON100. Both experiments use
the combination of scintillation (S1) and ionization signals (S2) to effectively reject back-
ground. In the standard analysis done by the xenon-based experiments, it is important
to account for the Poissonian nature of the distribution of S1 photoelectrons. As such, we
compute the number of signal events following [22] as,
NDM =
∫ S1upper
S1lower
dS1
∞∑
n=1
Gauss(S1|n, √nσPMT)
∫ ∞
0
dERε(ER) Poiss(n|ν(ER)) dRdER × Exp, (1)
where Exp is the experimental exposure, ε(S1) is the S1 efficiency, σPMT = 0.37 PE accounts
for the PMT resolution [23]. For the LUX analysis, S1lower = 2 and S1upper = 30. The
expected number of photoelectrons ν(ER)) is
ν(ER) = ER × Le f f (ER) × SnrSee × Ly (2)
3
whereLe f f is the energy-dependent scintillation efficiency of liquid Xenon, Ly is the light
yield, and Snr,See are the nuclear and electron recoil quenching factors respectively arising
from the applied electric field. Importantly for LUX’s sensitivity to low mass DM, their
absolute light yield has been measured to be much larger than XENON100’s. We use the
energy dependent absolute light yield, Le f f (ER)SnrSee Ly, taken from slide 28 of the talk [24],
with a hard cut-off below 3 keV. Finally for the WIMP detection efficiency in Eq. (1) above
we use the efficiency before threshold cuts (green triangles) taken from Fig. 9 of [15].
Following the collaboration’s treatment of low-mass WIMPs, we compute 90% CL limits
by requiring, NDM < 2.4.
For the details of our treatment of XENON10 and CDMS-Si we refer the reader to [18].
III. INELASTIC INTERPRETATIONS
Shortly after the CDMS-Si results, it was pointed out that both IVDM and exoDM can
account for the CDMS-Si results while remaining consistent with the constraints from
XENON10 and XENON100 [5]. However after LUX, interpretations CDMS-Si in terms
of elastic DM scattering, with or without isospin-violation seem strongly disfavored [16–
18]. For example, a recent study [16] of elastic scattering examined a large number of
operators, finding no way of substantially reducing the tension between CDMS-Si and
the null searches [6, 7, 15]. Similarly [17] concluded in an astrophysics-free manner that
elastic, spin-independent scattering is insufficient to significantly reduce the tension. Yet
none of these studies have investigated the inelastic interpretation of direct detection data
in the aftermath of LUX. Let us now focus on the nature of the inelasticity needed.
The salient feature of inelastic scattering is that upon scattering with a nucleus, the rest
mass of the DM changes,
X1 +N → X2 +N (3)
The requisite velocity to produce a nuclear recoil of energy ER is
vmin =
1√
2ERmN
∣∣∣∣∣δ + mNERµ
∣∣∣∣∣ (4)
where δ ≡ m2 −m1 is the mass splitting. Therefore up-scattering (δ > 0) is more favorable
on heavy nuclei, whereas down-scattering (δ < 0) is more favorable on light nuclei. Given
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FIG. 2: In each panel we fix the mass-splitting δ ≡ m2 −m1 between the two DM states,
to δ = −50 keV (left panel) and δ = −200 keV (right panel), whilst treating the
DM-proton cross section, σp, and DM mass, mX1 , as free parameters to be fit by the
data. The 90% CL limits from LUX (black dot-dashed) and XENON10 (blue dotted) are
depicted along with the 68% (dark red) and 90% CL (light red) CDMS-Si best-fit
regions.
the lightness of Si with respect to Xe, down-scattering is a way to explain the CDMS-Si
data while remaining consistent with the null Xenon searches.
In Fig. 2 we show two examples of exothermic DM parameter points [9, 10, 19–21].
In particular the right panel with δ = −200 keV improves the compatibility between
CDMS-Si and the null results of other searches with respect to ordinary (δ = 0) fits. We
have found that LUX [15] and the S2-only search by XENON10 [6] are the most relevant
searches constraining the parameter space. Ruling out this scenario for CDMS-Si requires
a low threshold analysis: For example an updated S2-only analysis with high exposure
from the XENON100 or LUX collaborations or by the proposed DAMIC-100 experiment,
a very low threshold experiment with Silicon target material [25].
IV. A MODEL OF EXCITED STATE DARKMATTER
A number of models have been proposed for inelastic dark matter [26] in the lit-
erature [9, 21, 27–30]. The mass splitting δ can arise at tree-level from new Yukawa
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interactions splitting the components of a Dirac fermion into Majorana mass eigenstates,
e.g [9], or splitting otherwise mass degenerate Dirac fermions [21]. The mass splitting
can also arise radiatively due to new non-abelian gauge bosons as in e.g. [30]. We remain
agnostic about the origin of the mass difference. Two elements which the model must
satisfy however are: (1) that sufficiently large cross section be generated to account for
the results in Fig. 3; and (2) that the relic abundance of both X1 and X2 be accounted for.
We briefly review the basic properties of a model with Majorana DM and scattering
that is dominantly inelastic with the required properties to describe the CDMS-Si data.
We take DM to be fermionic with Dirac mass M and Majorana mass δ  M. In terms of
the interaction eigenstate Dirac fermion χ we can write the mass terms as
Lmass = −MX¯X − δ4 (χ¯
cPLX + χ¯cPRX) + h.c. (5)
In addition, we assume that the DM χ (interaction eigenstate) is coupled to a new gauge
field φµ of a spontaneously broken gauged U(1)X. Now one can diagonalize the mass
matrix and write the Lagrangian in terms of mass eigenstates χ1,2,
Lint = Xiγµ
(
∂µ + igXφµX
)
−→ X1iγµ∂µX1 + X 2iγµ∂µX2 + (igXφµX 1γµX2 + h.c.) + O
(
gXδ
M
)
,(6)
where the mass eigenstates, M1,2 = M ± δ. From the above expression, it is thus clear that
the interaction is dominantly off-diagonal. 2
The massive vector field φµ can mix kinetically with the photon and the Z boson via
εFµνX B
µν, where FµνX is the field strength tensor of the U(1)X gauge boson, giving rise to
a nonzero scattering cross section on nuclei. For direct detection phenomenology the
interaction through photon mixing is dominant.
For mXi & mφ the annihilation is dominated by the channel into φµ pairs, with the cross
section
〈σX¯iXi→φφv〉 =
piα2X
m2Xi
√
1 −
m2φm2Xi
 , i = 1, 2 , (7)
where αX ≡ g2X/4pi and gX is the DM-dark photon gauge coupling. We see for example
that for mX1 = 1 GeV we need αX = 7 × 10−5.
2 The next term in the m/M expansion is diagonal but spin-dependent.
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FIG. 3: Left: Values of the mass splitting δ and DM mass mX that can account for the
lowest and highest energy recoil events at CDMS-Si. Right: Region in the (αX,mφ)
plane accommodating the CDMS-Si and relic abundance constraints with fixed kinetic
mixing, ε = 10−6 and DM mass, mX = 1 GeV. The correct relic abundance is obtained
for (a)symmetric DM for parameter points on the dashed green curve (in the shaded
green region).
Simultaneously we must also explain the observed scattering on nuclei. This proceeds
through the kinetic mixing term with a cross section
σp ' 16piαXαEM ε2
µ2p
m4φ
(8)
where µp is the DM-proton reduced mass, and αEM is the electromagnetic fine-structure
constant. We have kept only the (by far) dominant contribution from the photon exchange.
Implicit in the above, is the assumption that a significant population of the excited state
X1 remains at present times. Indeed, the excited state can both decay into the ground
state, X1 → SM +X2, or self-annihilate into two ground states X1X1 → X2X2. We will
largely follow the estimates in [9].
The decay of the excited state proceeds dominantly into X1 → X2 +3γ, via an e+e− loop.
This decay rate has been estimated to be [9, 31]
ΓX1→X2+3γ = 2 × 10−50 GeV ×
(
ε
10−6
)2 ( αX
10−3
) (
δ
200 keV
)13 (200 MeV
mφ
)4
, (9)
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where we have chosen ε = 10−6 such that the relic abundance and CDMS-Si favored
regions overlap in Fig. 3. Thus we see that with these parameters, the lifetime of X1 is
∼ 109 Gyr.
The other potential worry is that theX1X1 → X2X2 scattering mediated by the t-channel
exchange of aφµ would be efficient enough to convert the excited states into ground states.
This can happen if this conversion process stays in equilibrium below temperatures of
order the mass-splitting δ. To see that this does not occur, let us briefly sketch the thermal
history of the model. After chemical decoupling, the DM density becomes fixed but it
retains kinetic equilibrium with the SM by elastically scattering on electrons. Estimating
the rate of this scattering as
ΓXie ' ε2αXαEMm4φ
T5 (10)
we find that this fails to keep up with Hubble expansion and hence decouples around
T∗ ∼ 20 MeV. After this point, the DM sector, consisting of X1 and X2, has a temperature
TX = T2γ/T∗ where Tγ is the SM temperature. Now we can estimate the temperature
at which X1X1 → X2X2 freezes out by equating H(Tγ) = nX1(TX)〈σX1X1→X2X2v〉. With
〈σX1X1→X2X2v〉 ' piα
2
Xm
2
X
m4
φ
we find that the conversion process falls out of equilibrium also
around 20 MeV. Thus we expect no large depletion of excited states and roughly estimate
nX1 ≈ nX2 . Therefore for consistency one should rescale the cross sections in Fig. 2 by a
factor of 2 since the density of X1 is half that of the total DM density.
V. CONCLUSIONS
We have discussed dark matter that inelastically scatters and de-excites in direct detec-
tion experiments (“Exothermic” DM) as an explanation for the CDMS-Si events, consistent
with all null searches. The constraints from LUX and XENON10 require the mass-splitting
to be |δ| & 50 keV as already discussed in [5]. At the same time, the CDMS-Si data itself
only allow splittings up to |δ| ∼ 200 keV since for larger splittings one cannot simultane-
ously account for the observed low and high energy events.
In a simple model with a kinetically mixed dark photon, we have shown that the
CDMS-Si rate and the thermal relic abundance can be accommodated. To rule out this
scenario with a Xenon-based experiment will require an S2-only analysis (or other low-
8
threshold technique [32]) with high exposure.
Note Added
While this manuscript was being prepared for upload the paper [33] appeared which
also considers LUX constraints on exothermic DM as an explanation of CDMS-Si data.
The authors perform a global fit to the 3 parameters σp,mX and δ. We find similar limits
in parameter space, see e.g. Fig. 3.
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